Human DNA topoisomerase I, known for its DNArelaxing activity, is possibly one of the kinases phosphorylating members of the SR protein family of splicing factors, in vivo. Little is known about the mechanism of action of this novel kinase. Using the prototypical SR protein SF2/ASF (SRp30a) as model substrate, we demonstrate that serine residues phosphorylated by topo I/kinase exclusively located within the most extended arginine-serine repeats of the SF2/ASF RS domain. Unlike other kinases such as cdc2 and SRPK1, which also phosphorylated serines at the RS domain, topo I/kinase required several SR dipeptide repeats. These repeats possibly contribute to a versatile structure in the RS domain thereby facilitating phosphorylation. Furthermore, far-western, fluorescence spectroscopy and kinase assays using the SF2/ASF mutants, demonstrated that kinase activity and binding were tightly coupled. Since the deletion of N-terminal 174 amino acids of Topo I destroys SF2/ASF binding and kinase activity but not ATP binding, we conclude that at least two distinct domains of Topo I are necessary for kinase activity: one in the C-terminal region contributing to the ATP binding site and the other one in the N-terminal region that allows binding of SF2/ASF.
INTRODUCTION
Several metazoan splicing factors involved in splice site selection are characterized by RNA recognition (RRM) and arginine-serine rich sequence motifs (RS domain) (1) (2) (3) that are essential for their function (4) (5) (6) . These include members of SR proteins (SRp20, SF2/ASF or SRp30a, SC35 or SRp30b, SRp40, SRp55, SRp75) (1-3), U1 snRNP specific protein U1-70K (7, 8) and the splicing factor U2AF (U2 snRNP auxilliary factor) which comprises two subunits (35K and 65K) (3, 9, 10) . All these factors can mediate a network of protein interactions, through their RS domains, resulting in the stimulation and/or stabilization of complexes assembled at the 5′ or 3′ splice sites (11) (12) (13) (14) (15) . Since the serines at the RS domains are phosphorylated (16) (17) (18) , the protein phosphorylation could be a mechanism by which these protein-protein interactions might be regulated. This is supported by the fact that serine/threonine protein phosphorylation and dephosphorylation events play crucial roles in pre-mRNA splicing (17, (19) (20) (21) .
A major advance towards understanding the regulation of pre-mRNA splicing by protein phosphorylation was to isolate and characterize potential protein kinases and phosphatases that specifically target components of the splicing apparatus. Information regarding the possible kinases involved in the phosphorylation of SR proteins has recently emerged. The first evidence for a protein kinase activity with a specificity for the RS domain of SR proteins was presented by Woppmann et al. (22) . The activity co-purifies with U1 snRNP and results in specific phosphorylation of both the C-terminal domain of the U1-snRNP 70K protein, which contains several arginine/serine rich clusters, and the RS domain of the splicing factor SF2/ASF. The kinase responsible for this activity remains unidentified, but the subset of sites in U1-70K phosphorylated by this kinase is the same as that detected in vivo (23) . Recently, another SR protein kinase called SRPK1 was isolated and characterized (24, 25) . It is thought to regulate the intracellular localization of SC35 and other related splicing factors in the cell cycle (24) . Purified SRPK1 can induce the disassembly of speckled intranuclear snRNP and SR protein structures in interphase nuclei. Since SR proteins are reported to be hyperphosphorylated in metaphase cells (24) , SRPK1 may be the kinase that causes dynamic changes in the phosphorylation state of these structures during the cell cycle. However, SRPK1 is not the only protein kinase that mediates SR protein phosphorylation and redistribution in the cell. Colwill and his colleagues have provided evidence that ClK/Sty, a prototypical kinase with dual specificity, *To whom correspondence should be addressed. Tel: +33 4 67 61 36 85; Fax: +33 4 67 04 02 45; Email: tazi@jones.igm.cnrs-mop.fr + Present address: Columbia University, 630 West 168th Street, BB 20-22, New York, NY 10032, USA capable of phosphorylating tyrosines as well as serines and threonines, is also involved in SR protein phosphorylation and localization (26) .
We have shown that DNA topoisomerase I, which is a constitutively-expressed nuclear phospho-protein that localizes to active transcription sites (27) (28) (29) , is a SR protein kinase (18) . Consistent with this observation is the preferential inhibition of SR protein complete phosphorylation following treatment of HeLa cells with DNA topoisomerase I blockers (18) . A more striking feature of this enzyme is that despite the absence of obvious sequence motifs homologous to known protein kinases (e.g. ATP binding site), it efficiently binds ATP. Photoaffinity labeling with 8-azidoadenosine-5′-triphosphate [α-32 P] combined with mutational analysis showed that the C-terminal was required for ATP binding (Rossi et al., see accompanying paper). Here we report that the N-terminal 174 amino acids of human DNA topoisomerase I are required for the interaction with SF2/ASF protein in vitro. Furthermore, by utilizing a series of SF2/ASF truncation mutants, we also show that the RS domain is essential and sufficient for the interaction with Topo I. Furthermore, the phosphorylation mediated by topo I/kinase appears to have a specificity different from that of other SR kinases capable of phosphorylating the RS domain of SF2/ASF, implying that different mechanisms might be involved in the phosphorylation of this domain in vivo.
MATERIALS AND METHODS

Expression and purification of recombinant proteins
The wild type recombinant Topo I was produced following infection of monolayer cultures of Sf 21 cells with AcMNPV/ hTOPI (a generous gift from A. M. Zhelkovsky, Tufts University, Boston), at a multiplicity of infection of 10. The virus encoding Topo-80 and Topo-δC were constructed as described (Rossi et al., accompanying paper). All the methods for co-transfecting, isolating and maintaining recombinant baculovirus clones were performed according to Invitrogen manufacture protocols. With the exception of the N-terminally deleted Topo-70, starting with an engineered methionine immediately adjacent to residue Lys 175, which was generated and purified by L. Stewart from J.J. Champoux laboratory (30) , recombinant Topo I mutant proteins were produced and purified following the same procedure as described by (18) and accompanying paper. SF2/ASF was expressed in the TG1 bacteria strain transfected with plasmid containing ASF-1 cDNA, (a generous gift from J. Manley, Columbia University, New York). SF2/ASF deletion mutants at the RS domain were generated by PCR amplification of segments of ASF-1 cDNA spanning amino acid positions 1-197 (197C) . A large amount of these proteins was purified from inclusion bodies using procedure described by (31) .
Kinase and topoisomerase assays
The reaction mixtures for protein kinase activity contained 100 ng of the recombinant Topo I proteins to be tested or equivalent kinase activity (determined by titration using SF2/ASF as standard substrate) of GST-SRPK1 (a gift from X.D. Fu) or p34 cdc2 (provided by M. Dorée laboratory), 300 ng of recombinant SF2/ASF mutants in buffer B (18) and 3 µCi [γ-32 P]ATP (3000 Ci/mmol) in 15 µl final volume and were incubated at 30_C for 30 min. The samples were then mixed with 5 µl of (3X) Laemmli loading buffer and applied to a 12% SDS-polyacrylamide gel (32) .
To test the DNA relaxation activity of recombinant Topo I mutant proteins, 20 ng of each protein was incubated in buffer B with 500 ng supercoiled DNA plasmid in a final volume of 10 µl for 30 min at 30_C. The DNA plasmids in each sample were then extracted with phenol-chloroform, precipitated with ethanol and electrophoresed in a 0.8% agarose gel in TBE buffer. The DNA topoisomers were revealed by ethidium bromide staining.
Spectroscopic measurements
Fluorescence experiments were performed on a Fluorolog-II (Jobin Yvon) spectrofluorometer at 25_C. The proteins (25 nM) were incubated in a standard buffer containing 50 mM Tris-HCl, 2 mM MgCl 2 and 50 mM KCl. The binding of ATP, SF2/ASF or RS domain mutants was monitored by quenching of the intrinsic tryptophan fluorescence of recombinant Topo I proteins at 332 nm, upon excitation at 295 nm. The decrease in protein fluorescence was fitted to the appropriate form of the quadratic equation as already described (33, 34) . The best fit was obtained with the K d corresponding to each protein and a maximal fluorescence quenching of 26% for recombinant proteins that bind SF2/ASF.
To avoid background fluorescence due to SF2/ASF itself, the single tryptophan residue from the SF2/ASF amino acid sequence was oxidized. To this end, 100 µg of SF2/ASF was incubated with 1 mM N-bromosuccinimide (NBS) freshly prepared in 50 mM Tris-acetate, pH 5 and 1 mM EDTA for 10 min, in the dark at 30_C. Unreacted NBS was neutralized by a 10-fold molar excess of free L-tryptophan and modified SF2/ASF was purified on nickel-agarose beads. Kinase reactions carried out with recombinant Topo I proved that this modified SF2/ASF behaved like untreated SF2/ASF (data not shown).
The circular dichroism (CD) spectra were recorded on a Mark V dichrograph (Jobin-Yvon, Paris) using 1 mm thick quartz cells and 500 µl of buffer [20 mM triethanolamine, 0.2 mM EDTA, 0.5 mM DTT, 42 mM (NH 4 ) 2 SO 4 , 70 mM NaF, 15% glycerol and 0.5 M guanidine] containing 85 µg of SF2/ASF, 197N or 197C proteins.
Far western analysis, 8N3-ATP cross-linking and chymotrypsin digestion of recombinant proteins
Recombinant SF2/ASF, 197C and full length Topo I (around 1 µg of each), or 1 µg of chymotrypsin-digested full length Topo I from each time point were run on 14% SDS-PAGE and transferred to nitrocellulose by electroblotting for 90 min in 10 mM CAPS, pH 11.0 transfer buffer, containing 10% methanol. To renature the proteins, the filters were treated as previously described (15) and probed with 10 µg of labeled SF2/ASF in 10 ml of binding buffer (15) . To label SF2/ASF, 10 µg of purified recombinant protein was incubated with 800 U of Starfish purified cdc2 protein kinase in the presence of 20 µCi of [γ-32 P]ATP and 1 µM of cold ATP in buffer B for 1 h at 30_C. Unreacted nucleotides and cdc2 kinase were removed by binding labeled SF2/ASF to nickel-agarose beads and extensive washing of the beads with buffer B (18) before elution of labeled SF2/ASF with 1 M imidazole.
The protocol for photochemical cross-linking of 8N3-ATP to recombinant Topo-70 protein and digestion of labeled protein with chymotrypsin was described (Rossi et al., accompanying paper). 
RESULTS
The RS domain is a conserved feature of several members of the SR protein family. We tested whether well-characterized SR proteins can be utilized as substrate for the purified recombinant topo I/kinase, in vitro. Figure 1A shows that gel-purified individual SR proteins SRp30, SRp40, SRp55 and SRp75 derived from calf thymus (left panel) were all phosphorylated (right panel) by topo I/kinase, demonstrating that the enzyme utilized several proteins containing RS domain as substrate. For subsequent analysis we chose recombinant SF2/ASF (SRp30a) as a representative model substrate.
To examine the potential requirement of different domain(s) of SF2/ASF protein for the phosphorylation by topo I/kinase, we constructed several SF2/ASF deletion mutants missing various regions and domains. Mutants were constructed that lack either the entire N-terminal domain and therefore encode either the RS domain or portion of the RS domain, or only small regions of the RS domain (Fig. 1C) . In addition, all the recombinant proteins were designed to contain a N-terminal His-tag to facilitate purification. They were expressed at high levels and purified from inclusion bodies of Escherichia coli by chromatography over an immobilized metal ion affinity column (His-bind resin). The electrophoretic analysis proved that the recombinant proteins were purified to homogeneity, since Coomassie blue-stained SDS gels revealed that the majority of the purified proteins were recovered as single predominant bands (Fig. 1B) . Wild-type SF2/ASF (lane 1) and 236C mutant (lane 2) constituted exceptions as they were recovered as two bands. The largest forms of wild-type SF2/ASF and 236C had apparent molecular weights equivalent to those expected for the full-length proteins, whereas the smallest forms, although both contained the N-terminal his-tag, were generated by proteolysis at the C-terminus of the proteins. Figure 2A shows that the RS domain alone confers the specificity of phosphorylation by topo I/kinase. No phosphorylation was detected with SF2/ASF that is deleted of its C-terminal half (197C, lane 2), while construct 197N, which lacks the entire N-terminal 196 residues, is phosphorylated to the same extent as wild type SF2/ASF (compare lanes 1 and 3). This demonstrated that topo I/kinase phosphorylation sites are confined to the C-terminal region and that the N-terminal half is not essential for phosphorylation. However, it is still possible that deletion of part(s) of SF2/ASF sequence perturbs the native structure of the protein. To test this possibility we performed CD analysis of full length SF2/ASF, 197C and 197N. The CD spectra for wild type and mutant SF2/ASF deleted of the RS domain were different ( Fig. 2C ), implying that deletion of the RS domain alters the structure of SF2/ASF. However, the CD spectrum of the isolated RS domain did not reveal strong optical activity at 207 and 222 nm, which is a very reliable predictor of α-helical content in the protein, suggesting that the RS domain has no significant α-helical content. It therefore appears that the RS domain has no well defined structure but rather a versatile one which is influenced by surounding sequences. As topo I/kinase displayed the same estimated K m for wild type SF2/ASF and the RS domain alone (Fig. 2B) , attention was turned to the possibility that an intact RS domain might be essential for phosphorylation by topo I/kinase.
The results of kinase assays performed with the various SF2/ASF mutants revealed that SF2/ASF constructs 215C, 223C and 236C which contain the entire SF2/ASF amino acid sequence but are truncated at amino acid positions 215, 223 and 236 respectively, were efficiently phosphorylated (Fig. 3 , panel Topo I, lanes [2] [3] [4] , showing that the COOH-terminal half of the RS region can be deleted without affecting the phosphorylation by topo I/kinase. In contrast, mutations that extend farther into the RS region (Fig. 3 , panel Topo I, lanes 5 and 6) or where only the COOH-terminal half of the RS region was kept but not the N-terminal half (Fig. 3, lanes 9 and 10) were detrimental. Neither SF2/ASF truncated at amino acid position 207 (207C) nor constructs encoding the last 33 or 39 C-terminal residues (216N and 210N) were utilized as substrates by topo I/kinase. In contrast, the construct encoding the last 42 residues of the COOH-terminal region of SF2/ASF (206N) was efficiently phosphorylated. Therefore, we conclude that the region spanning residues 206-215 of SF2/ASF might contain an essential determinant for the phosphorylation by topo I/kinase, whereas the COOH-terminal half of the RS domain (217-248) is dispensable.
Further comparison of deletion mutants suggested that the number of repetitive SR dipeptides (206-215) is critical for the phosphorylation by topo I/kinase. Indeed, the mutants 215C and 206N, efficiently phosphorylated by topo I/kinase (Fig. 3 , panel Topo I, lanes 4 and 8 respectively) have five and six repetitive SR dipeptides, respectively, but have different flanking sequences. However, the 210N deletion mutant, consisting of the same sequence as 206N but with only four repetitive SR dipeptides instead of six, was not phosphorylated by topo I/kinase (Fig. 3 , panel Topo I, lane 9). This result suggests that it is sufficient to have five RS repeats and an additional flanking sequence at either end of SF2/ASF (N-or C-terminal) for maximal phosphorylation, using our assay conditions. Furthermore, substitutions of either Arg or Ser in the SR repeats (5) yielded mutants (RT, RG, GS and KS) that were not topo I/kinase substrates (data not shown). This demonstrates that threonine cannot replace serine as substrate for phosporylation by topo I/kinase and that phosphorylation of any of the serines requires the presence of arginine in the RS dipeptides.
Exclusive phosphorylation of the RS domain has also been observed using another SR protein kinase, SRPK1 (25) . Like topo I/kinase, this enzyme fails to efficiently phosphorylate RT, RG, GS and KS mutants (35) , suggesting that topo I/kinase and SRPK1 might have similar specificity. To test this possibility, we examined phosphorylation of all our SF2/ASF deletion mutants with recombinant GST-SRPK1. Figure 3 shows that although both enzymes phosphorylate several of the SF2/ASF mutants, there are several differences between SRPK1 (panel SRPK1) and topo I/kinase (panel Topo I). In particular, SRPK1 phosphorylates mutants 207C, 210N and 216N (panel SRPK1, lanes 5, 9 and 10) which are not phosphorylated by topo I/kinase (panel topo I, lanes 5, 9 and 10). The level of phosphorylation of SF2/ASF mutants by SRPK1 was dependent on the size of the RS domain, i.e. the number of serine residues. The smaller the RS domain length was, the weaker the phosphorylation by GST-SRPK1 (panel SRPK1, compare lanes 5 and 10 to lanes 1 and 7, respectively). In contrast, there was no obvious correlation between the levels of phosphorylation of the various substrates by topo I/kinase and the length of the RS domain, since all the SF2/ASF mutant substrates of topo I/kinase were roughly phosphorylated to the same extent. These results indicate that SRPK1 has a broader substrate specificity than topo I/ kinase. They are also consistent with a previous report showing that SRPK1 was able to recognize several sites within full-length SF2/ASF RS domain (35) .
The RS domain of SF2/ASF contains four serines followed by prolines at the P+1 position. These serines can be target sites for phosphorylation by cdc2 kinase which recognizes (S/T)-P consensus motif. We therefore compared the abilities of the different SF2/ASF mutants to be phosphorylated by this kinase. Wild type SF2/ASF was efficiently phosphorylated by cdc2 kinase (Fig. 3, panel cdc2 , lane 1). As expected, the number of SP dipeptides determined the levels of phophorylation of each SF2/ASF mutant by cdc2 kinase (lanes 1-5, 7-10). No phosphorylation was observed with the 197C mutant which lacks all the SP dipeptides (lane 6). Mutants which have the same SP dipeptide contents showed the same phosphorylation levels (lanes 3-5 and 8-10, respectively). Wild type SF2/ASF (lane 1) and the 197N mutant (lane 7), which have the highest SP contents, had the highest level of phos-phorylation.
Thus, unlike SRPK1 and cdc2 kinases, which phosphorylate SF2/ASF mutants depending on small target sites (SR and SP dipeptides, respectively), topo I/kinase requires a minimum of five repetitive SR dipeptides for maximal phosphorylation. This Arg/Ser repeat may possibly contribute towards a versatile structure. Given that the RS domain is involved in protein-protein interaction (11-13,15) we asked whether specific phosphorylation of SF2/ASF depends on specific interaction(s) of this domain with defined domain (s) of topo I/kinase. To test this, the binding affinity of SF2/ASF to topo I/kinase was determined using tryptophane fluorescence. The single tryptophane residue contained in the SF2/ASF sequence was first oxidized in order to avoid intrinsic fluorescence due to SF2/ASF itself, while monitoring the quenching of the intrinsic fluorescence of recombinant topo I/ kinase. This treatment, however, did not interfere with the ability of topo I/kinase to phosphorylate SF2/ASF as comparable amounts of phosphate were incorporated in untreated and treated SF2/ASF by topo I/kinase (data not shown). Figure 4 shows that increasing concentrations of oxidized SF2/ASF induces a quenching of 27% of Topo I fluorescence, indicating that this protein binds to topo I/kinase. The K d value estimated from this analysis was 0.56 µM, which implies that SF2/ASF and topo I/ kinase can form a stable complex. Similar analysis using SF2/ASF mutants strengthened the relationship between substrate binding and topo I/kinase-mediated phosphorylation. Mutants 215C and 197N which were efficiently phosphorylated by topo I/kinase, had similar binding to topo I/kinase as wild type SF2/ASF. In contrast, no binding was observed with mutants which were not utilized as substrate, i.e., 197C and 210N (Fig. 4) . Note, however, that the quenching of Topo I fluorescence induced by 197N mutant (20%) was less than that caused by full length SF2/ASF. This difference could be easily explained by the fact that 197N mutant was smaller in size than full length SF2/ASF and therefore was most likely to cover a smaller area during interaction with Topo I.
To further confirm SF2/ASF-topo I/kinase interaction, we used far western blotting (11, 12, 15) which has been successfully used to show specific interactions between members of the SR protein family and other splicing factors. SF2/ASF immobilized on filter membranes and renatured was probed with 32 P-labeled SF2/ASF. The latter was labeled by phosphorylation of four SP dipeptides contained in its RS domain using cdc2 kinase and [γ-32 P]ATP. This phosphorylation did not interfere with the efficiency by which SF2/ASF RS domain is phosphorylated by topo I/kinase (data not shown), implying that the interaction between these two factors would not be affected by this phosphorylation. The specificity of binding of this modified SF2/ASF was confirmed by its ability to bind itself and U1-70 specific protein (data not shown), whereas it did not bind a recombinant SF2/ASF deleted of its RS domain (Fig. 5 , right panel, compare lane 5 and lane 6). This is in agreement with previous studies showing that the interaction of SF2/ASF with itself was dependent upon an intact RS domain (11, 15) . Labeled SF2/ASF binds to topo I/kinase (Fig. 5, right  panel, lane 1) . The possibility that the 32 P-labeled probe was contaminated and/or binding to contaminating nucleic acids can be ruled out, because neither topo I nor SF2/ASF samples contained RNA or DNA (data not shown). The results all together, provide further evidence for an efficient interaction between SF2/ASF and topo I/kinase.
To identify the regions of topo I/kinase required for specific protein-protein interaction with SF2/ASF, chymotryptic fragments of the enzyme (Fig. 5, left panel, lanes 2-4) were analyzed by far western blotting (right panel, lanes 2-4). In addition to full length protein that was detected at the initial time of proteolysis (right panel, lane 2), two previously identified fragments of 80 and 66K (Rossi et al., accompanying paper) appeared to bind SF2/ASF (lanes 2-4). However, no labeling of other proteolytic fragments was detected even after prolonged exposure of the autoradiogram, indicating that neither the 24K from the N-terminal nor the 14K from the C-terminal domains of topo I/kinase (Rossi et al., accompanying paper) were recognized by SF2/ASF. Since the 80 and 66K fragments have the same N-terminal sequence but the 66K fragment lacks the C-terminal sequence, this suggested that SF2/ASF binds either near to the N-terminus of these two fragments or to the conserved core domain (residues Glu198-Ile651) of DNA topoisomerase I. We attempted to distinguish between these two possibilities by assessing the binding characteristics of a DNA topoisomerase I mutant lacking 174 N-terminal amino acids (Topo-70, Fig. 6A and B) . Due to the absence of the rather extended NH 2 -terminal domain, this protein was previously shown to have a globular structure compared to wild type Topo I (36) . Results showed that increasing the amount of oxidized SF2/ASF to 2 mM did not induce any quenching of tryptophan fluorescence of Topo-70, in contrast to the behavior of two other topo I/ kinase deletion mutants Topo-80 (deleted of 138 N-terminal residues) and Topo-δC (deleted of 162 residues from the C-terminal domain) in this assay (Rossi et al., accompanying paper; Fig. 6C ). Furthermore, immobilized Topo-70 did not interact with labeled SF2/ASF by far western analysis (data not shown). Hence, efficient binding of SF2/ASF to topo I/kinase requires amino acid sequences contained in the N-terminal region of the enzyme.
Interestingly, while it relaxed supercoiled DNA with the same efficiency as the full length Topo I (Fig. 7B) , Topo-70 was inactive as a kinase (Fig. 7A) . No phosphorylation of SF2/ASF was detected even when high concentrations of the enzyme were used (Fig. 7A, compare lanes 1 and 3) . As expected, however, Topo-70 binds ATP with K d only two times higher than wild type (Fig. 7C ) and efficiently incorporates [α 32 P]8N3-ATP (Fig. 7D) . Digestion of photoaffinity labeled Topo-70 with chymotrypsin revealed distribution of the radioactivity between a 55K fragment from the N-terminus, the C-terminal 14K fragment and undigested Topo-70, confirming that even in the absence of the N-terminal region of topo I/kinase, the C-terminal domain has kept a conformation allowing it to bind ATP (Fig. 7D, compare lanes  1-3 and lanes 4-6) . It is apparent from the size of these fragments (Fig. 7D , left and right panels) that chymotrypsin cleaved Topo-70 protein and wild type topo I at the same C-terminal site, suggesting that the N-terminal deletion of topo I/kinase does not affect the folding of its C-terminal part. Thus, the failure of Topo-70 to phosphorylate SF2/ASF appears to be due to its impaired ability to bind SF2/ASF.
DISCUSSION
This study established that despite topo I/kinase, SRPK1 and cdc2 kinase phosphorylating serines in the RS domain of wild type SF2/ASF, these enzymes differ in their ability to phosphorylate mutants of SF2/ASF. Both SRPK1 and cdc2 kinase could phosphorylate serines preceding arginine or proline, respectively, in a wide variety of sequence backgrounds. In sharp contrast, there are limitations on the kind of sequences surrounding the serine that could be phosphorylated by topo I/kinase. This is probably related to the fact that a direct interaction between substrate and topo I/kinase is a prerequisite for the phosphorylation of SF2/ASF by this enzyme. Topo I mutant with impaired capacity to bind SF2/ASF (Topo-70) exerts no kinase activity on this protein. Similarly, no phosphorylation was observed with SF2/ASF mutants which do not interact with topo I/kinase.
Although our data do not address the mechanism governing the association of topo I/kinase with SF2/ASF, it can be proposed that charged residues contained within the interacting region of topo I/kinase (139-175) make electrostatic interactions with SF2/ASF. However, the 24K fragment generated following digestion of topo I/kinase with chymotrypsin failed to interact (by far western) with SF2/ASF, although it was present with the same stoichiometry as the 80K fragment. This fragment has a predicted PI value of 9.2 and would be expected to bind SF2/ASF if the charge alone was important for the interaction. Furthermore, SF2/ASF itself is a highly basic protein lacking sufficient numbers of acidic residues for stable electrostatic interactions (31, 37) . Thus charge alone does not appear to be the sole determinant for binding of SF2/ASF to topo I/kinase. Interestingly, inspection of the amino acid sequences contained in the N-terminal region of topo I/kinase indicates that while the sequence is highly conserved amongst higher eukaryotes, it is only partially conserved in yeasts (38) . It is therefore possible that the amino acids contributing to the interaction with SF2/ASF and thereby to the kinase activity have been selected during the evolution of higher eukaryotes. Consistent with this view, yeast DNA topoisomerase I cannot interact with or phosphorylate SF2/ASF in vitro, unlike DNA topoisomerase I extracted from mouse, plants or insect cells (F.Rossi, unpublished observations). Topo I/kinase phosphorylates at least six members of the SR protein family on serines contained in the RS domain of these proteins, suggesting that conserved features are shared by all these proteins. The fact that SR proteins isolated from different multicellular organisms are recognized by an antibody, mAb104, that stains lateral loops on amphibian lampbrush and puffs on Drosophila polytene chromosomes (16, 39, 40) , implies a high degree of conservation of SR proteins. To our knowledge this antibody fails to stain yeast proteins, implying that some of the features present in the SR proteins are missing in yeasts.
The finding that the residues spanning 139-175 are required for kinase activity represents another feature that distinguishes the kinase activity of topo I/kinase from DNA dependent topoisomerase I function. The N-terminal domain appears to be dispensable for DNA topoisomerase I activity in vitro. Deletion of this domain by spontaneous proteolysis (41) or by induced mutagenesis of the wild type protein (42) does not impede the relaxation activity. This domain, however, is essential for function in vivo (43) . Overexpression of the wild type human DNA topoisomerase I resulted in a lethal phenotype in yeasts, whilst overexpression of a mutant lacking the N-terminal domain did not affect yeasts viability (43) . Further experiments showed that this was due to accumulation of the protein in the cytoplasm of the yeast cell, indicating that the deleted domain is necessary for nuclear localization of DNA topoisomerase I. Consistent with this finding, the nuclear localization signal (NLS) from the SV40 large T antigen can substitute for the N-terminal domain of DNA topoisomerase I (141-210), restoring its nuclear localization and resulting in lethality in yeast (43) . Since the sequences in this region do not conform to a classical NLS consensus sequence, it is possible that binding of SR proteins or other nuclear factors to DNA topoisomerase I may be a mechanism through which DNA topoisomerase I enters the nucleus. In this context, it may be relevant that the core, linker and C-terminal domain fold into a globular structure, while the N-terminal domain is highly extended (35) and thereby accessible for specific interaction with other proteins.
How might topo I/kinase contribute to the function of SR proteins? Human DNA topoisomerase I is a constitutively expressed nuclear phospho-protein that localizes to active transcription sites (27, 28) . Thus its kinase activity might allow this protein to participate in the coordination between transcription and splicing. Interestingly, DNA topoisomerase I blockers lead to the preferential inhibition of SR protein complete phosphorylation in HeLa cells (18) . Furthermore, topo I/kinase associates with transcription factors, such as RNA polymerase I (44), nucleolin (45) , TATA-binding protein (46, 47) and p53 protein (48) . It is worth noting that topo I relaxation activity was shown to be dispensable for both repression and activation of transcription in reconstituted transcription reactions (47, 49) . The effect of DNA topoisomerase I, in this case, was specific for TATA box-containing promoters and was mediated by the TATA-binding protein, suggesting a novel function for the enzyme, possibly as a kinase, in the regulation of transcription initiation by RNA polymerase II. Furthermore, sites of transcription in the nucleus colocalize with sites of splicing (50) (51) (52) , implying that both processes are coupled to one another. An attractive model would be that topo I/ kinase recruits SR proteins to the transcription initiation complex, and during the course of transcription these SR proteins are loaded onto the nascent transcript. The finding that topo I/ kinase needs to associate with SR proteins to phosphorylate them fits nicely with this model. Figure 8 shows a model depicting our interpretation of the results. The regions of human DNA topoisomerase I contributing to topo I/kinase were localized in the 765-amino acid protein predicted by D'Arpa et al. (53) . Based on amino acid comparisons with other eucaryotic DNA topoisomerase I enzymes and susceptibility of different regions of the protein to cleavage with proteases, the model shows four distinct domains [adapted from Stewart et al. (42) ]: the N-terminal domain (residues 1-198) is mostly unconserved except for small areas that are either part of topo I/kinase domains allowing binding of SF2/ASF or thought to be involved in nuclear localization of human DNA topoisomerase I; the core domain (residues 198-651, 54K) which is very well conserved and shown to be resistant to proteolysis; the linker domain (651-696), which is also unconserved; and the C-terminal domain (651-765), which contains in addition to the active tyrosine at the position 723, amino acid residues which are involved in the binding of ATP (Rossi et al., accompanying paper) . However, we are uncertain as to whether the SF2/ASF and ATP binding sites are confined to the regions established by deletion analysis of the wild type Topo I described here or extend to flanking sequences. , the conserved core domain (residues 198-651), the unconserved linker domain (residues 652-696) and the conserved C-terminal domain which contain the active tyrosine at position 723 (residues 697-765). Regions of DNA topoisomerase I contributing to topo I/kinase activity which correspond to SF2/ASF binding domain (residues 139-175) and ATP binding domain (residues 641-765) respectively are indicated below.
